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 24 
Abstract 25 
The RNA genome of Seneca Valley Virus (SVV), a recently identified picornavirus, 26 
contains an internal ribosome entry site (IRES) element which has structural and 27 
functional similarity to that from classical swine fever virus and hepatitis C virus, 28 
members of the flaviviridae. The SVV IRES has an absolute requirement for the presence 29 
of a short region of virus coding sequence to allow it to function either in cells or in 30 
rabbit reticulocyte lysate. The IRES activity does not require the translation initiation 31 
factor eIF4A or intact eIF4G. The predicted secondary structure indicates that the SVV 32 
IRES is more closely related to the CSFV IRES, including the presence of a bipartite IIId 33 
domain.  Mutagenesis of the SVV IRES, coupled to functional assays, support the core 34 
elements of the IRES structure model, but surprisingly, deletion of the conserved IIId2 35 
domain had no effect on IRES activity, including 40S and eIF3 binding. This is the first 36 
example of a picornavirus IRES that is most closely related to the CSFV IRES and 37 
suggests the possibility of multiple, independent, recombination events between the 38 
genomes of the Picornaviridae and Flaviviridae to give rise to similar IRES elements. 39 
 40 
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Introduction 45 
Seneca Valley Virus (SVV) is a recently discovered member of the picornavirus family. 46 
It was found as a contaminant in PER.C6 cell cultures and its natural host has not yet 47 
been definitively identified but a number of closely related viruses have been isolated 48 
from pigs (16). The complete genome sequence of SVV-001 (16) and the crystal structure 49 
of the virus capsid (52) have now been determined. The virus is most closely related to 50 
the cardioviruses but there are some significant differences (see below), and hence it has 51 
been recommended that the virus is classified as a new species within a new genus 52 
(Senecavirus) of the Picornaviridae.  53 
SVV-001 and two of the related viruses (isolates 1278 and 66289) were inoculated back 54 
into pigs; evidence of viral replication was obtained for all three viruses and for 55 
transmission of isolate 66289.  However, in none of the experiments was any sign of 56 
illness observed (unpublished data and personal communication from J. Landgraf, 57 
USDA). An important feature of SVV is its ability to replicate selectively within human 58 
tumour cells.  Owing to this novel activity and lack of observed pathogenicity in animals 59 
and man, there is interest in using SVV as an oncolytic virus against neuroendocrine 60 
cancers (39), for which it is currently in clinical trials. 61 
All picornaviruses have a positive-sense, single-stranded RNA genome that is infectious 62 
and has to act both as an mRNA and as a template for RNA replication (32). Picornavirus 63 
RNA includes a single large open reading frame (ORF), encoding a polyprotein, which is 64 
flanked by a long 5′ untranslated region (UTR) of approximately 600-1300 nt (depending 65 
on the virus) plus a shorter 3′ UTR (<100 nt) with a poly(A) tail. The viral RNA lacks the 66 
5′GpppN.. cap-structure found on all eukaryotic cytoplasmic mRNAs. Instead, a small 67 
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virus-encoded peptide (VPg, or 3B) is covalently attached to the 5′ terminus of the 68 
genomic RNA although this is lost from the RNA within the cell. Recognition of cellular 69 
mRNAs by the cellular protein synthesis machinery is normally achieved through the 70 
binding of the 5′-cap by eIF4E. This protein is one component of the cap-binding 71 
complex, eIF4F, which also includes eIF4A (an RNA helicase) and eIF4G, a scaffold 72 
protein which makes numerous contacts with other cellular proteins (including eIF3 and 73 
the poly(A) binding protein, PABP) and these interactions serve to bridge between the 74 
mRNA and the small ribosomal subunit (49). Translation initiation on picornavirus RNAs 75 
occurs by a different mechanism. The 5′ UTR of all picornavirus genomes contains an 76 
internal ribosome entry site (IRES) that directs cap-independent internal initiation of 77 
protein synthesis (reviewed in 11). To date, four distinct classes of picornavirus IRES 78 
element have been described (3, 18).  The enteroviruses and rhinoviruses (e.g. poliovirus, 79 
PV) share one type of element while the cardioviruses and aphthoviruses (e.g. 80 
encephalomyocarditis virus (EMCV) and foot-and-mouth disease virus (FMDV) 81 
respectively) share a second type. Hepatitis A virus (HAV) has a third distinct class of 82 
IRES which is unique in requiring an intact form of eIF4F (1,5). It has been found 83 
recently that certain picornaviruses contain a fourth class of IRES element which is 84 
closely related to the IRES found in hepatitis C virus (HCV, a hepacivirus within the 85 
Flaviviridae). The pestiviruses (e.g. classical swine fever virus (CSFV)), are also 86 
members of the Flaviviridae and have an IRES that is similar to the HCV IRES, but there 87 
are distinct differences (12). For example, stem 1 of the pseudoknot is interrupted in 88 
CSFV whereas in HCV it forms a single fully base-paired stem. Furthermore the CSFV 89 
IRES has an extra subdomain termed IIId2 which is absent from the HCV IRES. This 90 
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additional domain is thought to lie within the ribosome-binding interface formed by 91 
domains IIId, e and f, that make direct contact with the small ribosomal subunit (50).  92 
Picornavirus IRES elements related to the HCV IRES were initially identified in the 93 
porcine teschovirus-1 (PTV-1) genome (7, 22, 35) and subsequently have been 94 
demonstrated in a variety of other porcine, avian and simian picornaviruses (namely 95 
porcine enterovirus-8 (PEV-8) (8) , simian virus 2 (SV2) (8) , avian encephalomyelitis 96 
virus (AEV) (2) and simian picornavirus 9 (SPV9)  (6). Furthermore, on the basis of 97 
sequence information and RNA structure prediction it has been suggested that the duck 98 
hepatitis virus 1 (9), a seal picornavirus (24), SVV (17) and porcine kobuvirus (40) also 99 
contain this type of IRES.    100 
The HCV-like IRES elements differ from those of the other picornaviruses in that they 101 
have no requirement for any part of the eIF4F complex, hence they continue to function 102 
both when eIF4G is cleaved (e.g. induced by the PV 2A protease) and also in the 103 
presence of hippuristanol, a small molecule inhibitor of eIF4A (4). Hippuristanol 104 
provides a useful tool for identifying the HCV-like IRES elements since, by contrast, it 105 
strongly inhibits the PV and EMCV IRES elements. 106 
The HCV and CSFV IRES elements each contain two major domains, termed domain II 107 
and domain III. The domain III contains a number of different stemloop structures and a 108 
pseudoknot (domain IIIf) (10, 12, 29).  Domain II appears to facilitate 80S complex 109 
assembly (27) while domain III is required for direct interactions of the IRES with the 110 
40S ribosomal subunit and eIF3 (reviewed in 14). 111 
We now demonstrate that the SVV genome indeed contains a functional HCV-like IRES 112 
element despite the general similarity of SVV to the cardioviruses and furthermore show 113 
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that this picornavirus IRES is novel in being more closely related, in terms of its 114 
secondary structure, to the CSFV IRES than to the HCV IRES.  For the first time, we 115 
have probed the secondary structure and function of the additional IIId2 domain within 116 
CSFV-like IRES elements and suggest that it has no role in IRES function. 117 
  118 
Materials and Methods 119 
Reporter plasmids 120 
DNA preparations and manipulations were performed using standard methods as 121 
described (45) or as stated in manufacturers’ instructions.  The reporter plasmids pGEM-122 
CAT/EMC/LUC containing the EMCV IRES cDNA and pGEM-CAT/LUC (lacking any 123 
IRES) have been described previously (44). These plasmids use a T7 promoter to express 124 
dicistronic mRNAs encoding chloramphenicol acetyl transferase (CAT) and firefly 125 
luciferase (fLUC). 126 
 127 
SVV cDNA 128 
The plasmid pNTX-01 consists of SVV-001 sequences from nt 1 to 1074 in pGEM-4Z. 129 
Reporter plasmids containing the SVV 5′ UTR (nt 1 to 666; pGEM-CAT/SVVs/LUC) or 130 
longer sequences including 31, 55 or 79 nucleotides of coding sequence were prepared by 131 
PCR using pNTX-01 as template with the SVV forward primer and the appropriate 132 
reverse primer, all designed to add a BamHI site to each end of the product (see Table 1). 133 
The PCR products were digested with BamHI, gel purified and ligated between the two 134 
open reading frames of the similarly digested, dephosphorylated, dicistronic reporter 135 
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plasmid pGEM-CAT/LUC (Figure 1A). The constructs were confirmed by restriction 136 
enzyme digestion and sequencing of the inserts.  137 
 138 
Mutagenesis of the SVV cDNA 139 
Mutated versions of the pGEM-CAT/SVV+55/LUC construct were prepared using a site-140 
directed mutagenesis kit (QuikChange, Stratagene, USA). Primary mutants (Mut1Mut6) 141 
were generated using pGEM-CAT/SVV+55/LUC as template and the appropriate primer 142 
pairs (Table 1). Compensatory mutations (Mut1c and Mut4c) were prepared in the same 143 
way, except that the corresponding primary mutant was used as template for the 144 
generation of the compensatory mutant.  145 
Mutant 7 (in which the IIId2 stemloop was deleted) was prepared by overlap PCR. The 146 
pGEM-CAT/SVV+55/LUC plasmid was used as the template for PCRs to generate 147 
fragments of 589 and 117 bp, one with each primer pair (SVV For and Mut 7 Overlap 148 
Rev, and Mut 7 Overlap For and SVV+55 Rev; Table 1 ). After purification the products 149 
were mixed and a further PCR carried out using the SVV For and SVV+55 Rev primers.  150 
The resulting PCR product was digested with BamHI, gel-purified and ligated into 151 
pGEM-CAT/LUC as before. The construct was verified by sequencing. 152 
 153 
In vitro translation reactions 154 
The dicistronic reporter plasmids (1g) were assayed in the rabbit reticulocyte lysate 155 
(RRL) coupled transcription and translation (TNT) system (Promega) using [
35
S]- 156 
methionine as described by the manufacturer.  Products were analysed by SDS-PAGE 157 
and autoradiography.  158 
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 159 
Transient expression assays.  160 
The dicistronic reporter plasmids (2 g) described above were assayed in human 293 161 
cells (or HeLa, or BHK cells when indicated) alone, or with the plasmid pAΔ802 (0.2 g) 162 
which expresses the PV 2A protease as described previously (44). Briefly, the plasmids 163 
were transfected into cells (35-mm dishes) previously infected with the recombinant 164 
vaccinia virus vTF7-3 (15), which expresses T7 RNA polymerase, using Lipofectin (8 μl; 165 
Invitrogen) and Optimem (192 l; Gibco BRL). Cell lysates were prepared 20 h after 166 
transfection and were analysed by SDS-PAGE and immunoblotting to determine CAT 167 
and LUC expression.  Detection was achieved with anti-CAT (Sigma) or anti-fLUC 168 
(Promega) antibodies and peroxidase-labelled anti-rabbit (Amersham) or anti-goat (Dako 169 
Cytomation) antibodies respectively, using chemiluminescence reagents (Pierce).  The 170 
fLUC expression was also quantified using a firefly luciferase assay kit (Promega) with a 171 
luminometer while CAT protein was measured by CAT-ELISA (Boehringer). 172 
 173 
RNA secondary structure prediction 174 
The SVV-001 5′ UTR sequence (EMBL accession number: DQ641257) was aligned with 175 
those from HCV (EMBL accession number: AB016785) and CSFV (EMBL accession 176 
number J04358) using Clustal W and edited manually.  Models of secondary structure 177 
elements (other than the pseudoknot) were generated using Mfold (56). 178 
 179 
Translation assays in the presence of hippuristanol 180 
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The requirement of the SVV IRES element for eIF4A was investigated both in vitro and 181 
in vivo using hippuristanol, a specific inhibitor of eIF4A (4). Dicistronic plasmid DNAs 182 
were assayed in the TNT RRL system (as above) with or without hippuristanol (10 µM; 183 
kind gift from Jerry Pelletier, McGill University, Canada). The plasmids were also 184 
assayed in 293 cells with, or without, the addition of 0.5 µM hippuristanol; cell lysates 185 
were prepared 20 h after transfection and the inhibitor was added for the final 10 h.  186 
 187 
Secondary structure probing 188 
The secondary structure of the SVV IRES was probed using di-methyl sulfate (DMS), N-189 
cyclohexyl-N’-[N-methylmorpholino-ethyl]-carbodiimid-4-toluolsulfonate (CMCT) and 190 
RNAse V1 as described previously (55). RNA (2 pmol) was  resuspended in 20 l of 191 
20mM Tris , 100mM K Acetate, 200mM KCl, 2.5mM MgCl2, 1mM DTT, pH 7.5 192 
(DMS),  20mM Tris, 5mM MgCl2, 100mM KCl, pH 7.5 (V1) or 50mM Borate-NaOH, 193 
1mM EDTA, pH 8.0 (CMCT), denatured for 1min at 95
o
C and cooled on ice. DMS 194 
(0.395M), CMCT (2, 4 or 10 mg/ml) or RNAse V1 (0.01, 0.02 or 0.05 Units) was added 195 
and the mixture incubated for 1, 5, or 10 min (DMS), 20 min (CMCT) or 5 min (RNAse 196 
V1). The modified RNA was then immediately ethanol precipitated on dry ice in the 197 
presence of 0.3M ammonium acetate, washed with 70% ethanol and resuspended in 8 l 198 
of water. Modifications were revealed by reverse transcriptase using 
32
P-labelled primer 199 
and AMV reverse transcriptase (Promega). To analyse  the IIId2 domain, the  primer 5’- 200 
TAGAACCGACACGACTAGGC-3’ was used. The  products were resolved on a 7M 201 
urea 6% polyacrylamide  gel and  revealed using a fluorescent screen and a Personal FX 202 
Imager (Biorad).  203 
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 204 
Binding of 40S subunits and eIF3 to the SVV IRES 205 
RNA transcripts were made  in the presence of -32P-UTP (3000 mCi/ mmol) using T7 206 
RNA polymerase from PCR products containing the T7  promoter sequence  and purified 207 
by size exclusion chromatography as previously described (46, 47).   The initiation factor 208 
eIF3 and 40S ribosomal subunits were prepared following previously established 209 
procedures (37). 210 
Radiolabeled  RNA (50 fmol) in binding buffer (10 l; 20 mM Tris pH 7.6, 100 mM KCl, 211 
2 mM DTT, 2 mM MgCl2) was denatured by heating to 85°C for 1 min and then slowly 212 
cooled to room temperature. Serial dilutions of eIF3 or 40S subunits were prepared, 213 
added to a 10 µl reaction, and incubated at 37°C for 15 min. Filter binding assays were 214 
accomplished essentially as previously described using two filters (Locker et al. 2010). 215 
Bound RNA was quantified using a Personal FX Imager (Biorad). To determine the 216 
apparent Kd, the data were fitted to a Langmuir isotherm described by the equation 217 
=(P)/(P)+Kd where  is the fraction of RNA bound and P is either 40S subunit or eIF3 218 
concentration. Reported values are the average of three repetitions with standard errors. 219 
All calculations were performed with GraphPad Prism 5. 220 
 221 
Results 222 
The SVV IRES extends into the viral coding sequence 223 
The dicistronic reporter plasmid pGEM-CAT/SVVs/LUC containing the complete SVV 224 
5′ UTR (nt 1-666) sequence inserted between the CAT and fLUC open reading frames 225 
(Figure 1A), the negative control plasmid lacking any IRES sequence (pGEM-226 
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CAT/LUC) and the dicistronic plasmid, pGEM-CAT/EMCV/LUC, containing the EMCV 227 
IRES as a positive control, were first assayed in coupled transcription and translation 228 
reactions (TNT) in rabbit reticulocyte lysates (RRL) reactions. SDS-PAGE and 229 
autoradiography for CAT and fLUC expression showed that all plasmids efficiently 230 
expressed CAT, as expected (Figure 1B).  Furthermore, the EMCV IRES directed 231 
efficient fLUC expression, however, the SVV 5′UTR  (nt 1-666) did not display any 232 
IRES activity, as indicated by lack of fLUC expression, in either the sense or antisense 233 
(as) orientation.   234 
Since some HCV-like IRES elements have been found, in some contexts, to require the 235 
presence of viral coding sequence to display IRES activity (e.g. see 41, 13) three 236 
additional constructs were prepared containing 31, 55 and 79 nts of viral coding sequence 237 
termed (pGEM-CAT/SVV+31/LUC, pGEM-CAT/SVV+55/LUC and pGEM-238 
CAT/SVV+79/LUC). The inclusion of 31 nt of coding sequence resulted in the 239 
generation of a functional IRES. However, addition of 55 nt from the coding sequence (as 240 
in pGEM-CAT/SVV+55/LUC) resulted in more efficient IRES activity from the SVV 241 
sequence (Figure 1B) but addition of 79 nt did not result in any further increase in IRES 242 
activity.   243 
The SVV+31 and SVV+55 constructs were also assayed in a transient expression assay in 244 
human 293 cells infected with the vaccinia virus vTF7-3 (15) which expresses the T7 245 
RNA polymerase.  The plasmids were transfected into the cells which were then 246 
harvested 20 h later; cell lysates were assayed for CAT and fLUC expression by SDS-247 
PAGE and immunoblotting and in a quantitative manner by ELISA and enzymatic assay, 248 
respectively.  All plasmids efficiently expressed CAT, as expected (Figure 1C).  249 
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Consistent with the data in Figure 1B, fLUC activity assays indicated that the SVV 5′ 250 
UTR alone did not display IRES activity, but addition of 31 or 55 nt of coding sequence 251 
resulted in efficient IRES activity, with the +55 construct again showing higher activity. 252 
The SVV IRES was almost twice as efficient as the EMCV IRES in these cells.  Similar 253 
results were obtained when these plasmids were assayed in HeLa and BHK-21 cells (data 254 
not shown).  Taken together, these results demonstrate that the SVV 5′ UTR, in 255 
conjunction with 55 nt of coding sequence, functions efficiently as an IRES element.  256 
 257 
The SVV IRES does not require the eIF4F factors for function 258 
Having established that the SVV IRES element functions both in cells and in the cell-free 259 
RRL system in vitro, we next examined the requirement of this IRES for components of 260 
the eIF4F initiation factor complex. Cleavage of eIF4G can be induced by expression of 261 
the PV 2A protease or FMDV Leader (L) protease and results in the inhibition of cap-262 
dependent protein synthesis (44).  However, most picornavirus IRES elements (with the 263 
exception of the HAV IRES) function efficiently under these conditions. Similarly, the 264 
HCV and related IRES elements from picornaviruses function efficiently in the presence 265 
of these proteases (reviewed in 3). We studied the effect of eIF4G cleavage on SVV 266 
IRES activity in cells to determine the degree of similarity to its effect on other viral 267 
IRES elements.  The dicistronic reporter plasmids were transfected into 293 cells alone, 268 
or with a plasmid (pAΔ802) (23) that expresses the PV 2A protease. After 20 h, cell 269 
lysates were prepared and efficient cleavage of eIF4G in the presence of PV 2Apro was 270 
confirmed by Western blot analysis as described before (2)  (data not shown). Expression 271 
of CAT and fLUC was analysed as above.  All plasmids expressed CAT efficiently when 272 
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assayed alone, but CAT expression was significantly reduced in the presence of the PV 273 
2Apro (Figure 2A) consistent with the loss of cap-dependent protein synthesis. As 274 
expected, the assays for fLUC expression demonstrated that EMCV IRES activity was 275 
unaffected by PV 2Apro-induced cleavage of eIF4G.  The SVV IRES was able to direct 276 
efficient fLUC expression in the presence of 2Apro, although activity was reduced by 277 
about 50 %.  This modest inhibition of SVV IRES activity in the presence of cleaved 278 
eIF4G is comparable to results for some other HCV-like picornavirus IRES elements that 279 
have recently been described (see Discussion).  280 
We next assayed the requirement of the SVV IRES for another component of the eIF4F 281 
complex, the RNA helicase eIF4A.  While cap-dependent translation and many 282 
picornavirus IRES elements (including those from PV and EMCV) need eIF4A for 283 
activity, the HCV and the HCV-like picornavirus IRES elements do not (33, 34, 51). We 284 
analysed the effect of the eIF4A inhibitor, hippuristanol, on SVV IRES activity.   The 285 
HCV and HCV-like IRES elements within picornavirus genomes have been shown to be 286 
resistant to this inhibitor (4, 8).  Addition of hippuristanol to transfected 293 cells 287 
severely inhibited cap-dependent expression of CAT and also fLUC expression directed 288 
by the EMCV IRES, as expected (Figure 2B).  However, the SVV IRES activity 289 
displayed marked resistance to this inhibitor, as seen with the AEV and HCV IRES 290 
elements (2, 4).  This indicates that the SVV IRES does not require eIF4A for function, 291 
emphasising its similarity to the other HCV-like IRES elements. 292 
 293 
The SVV IRES bears a striking resemblance to the CSFV IRES  294 
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As described above, the functional properties of the SVV IRES resembled those of the 295 
recently discovered HCV-like picornavirus IRES elements. We therefore performed a 296 
sequence alignment of the SVV IRES to the HCV IRES sequence using ClustalW.  We 297 
found that the SVV IRES closely resembles the HCV IRES (52 % identity) and the CSFV 298 
IRES (47% identity). However, it should be noted that  the high level of sequence identity 299 
between all three IRES elements only occurs within particular regions (see Figure 3A), 300 
notably domain IIIe, domain IIIa, domain IIIc and short motifs within domain II and 301 
domain IIId1 (including a GGG motif involved in 40S ribosome interaction) (20, 25, 29, 302 
30, 35, 36, 42, 48). In between these stemloop structures, the level of sequence identity 303 
between all three of them is rather low.  We have derived a secondary structure prediction 304 
for the SVV IRES (Figure 3B) which includes the 55 nt of the coding sequence.  This 305 
structure resembles that of the HCV IRES but also reveals the presence of a bipartite stem 306 
1 within the pseudoknot and an additional stemloop structure adjacent to the domain IIId, 307 
which has been termed domain IIId2 in the CSFV IRES (12).  This stemloop is absent 308 
from the HCV IRES (19).  These features, along with the requirement for about 55 nt of 309 
coding sequence for optimal SVV IRES activity, indicate that the SVV IRES is strikingly 310 
similar to the CSFV IRES.  This is the first report of a CSFV-like IRES (a Pestivirus 311 
within the Flaviviridae) within a picornavirus genome and suggests the possibility of 312 
genetic exchange between several different members of these virus families. 313 
 314 
Mutational analysis of the domain III region of the SVV IRES 315 
RNA structural elements within the domain III region of all the HCV-like IRES elements 316 
have been shown to be critical for function (3). We therefore tested our predicted 317 
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secondary structure model of the SVV IRES by performing mutational analysis of this 318 
region.  First, we tested the sequences involved in the putative pseudoknot.  319 
Modifications in the stem 2 region of the pseudoknot changed nts 630 and 631 from CC 320 
to GG; these changes were predicted to disrupt the base-pair interaction with nts 651 and 321 
652 (GG) (Figure 4A).  This mutant (Mut1) was analysed using the dicistronic reporter 322 
construct in 293 cells as above.  SVV IRES activity was severely inhibited (<0.3 % of wt 323 
activity; Figure 4B).  Introduction of compensatory mutations in nts 651 and 652 to 324 
change GG to CC (Mut1c) restored SVV IRES activity to 80% that of the wild type. 325 
The inability to restore wt activity fully with these compensatory mutations has been 326 
observed previously (2, 7) and suggests that the primary sequences may be involved in 327 
other interactions (for example with trans-acting factors) as well as forming part of the 328 
pseudoknot structure. 329 
As the predicted secondary structure indicated the presence of a IIId2 stemloop, as seen in 330 
the CSFV IRES structure, further mutational analysis focused on the IIId1 and IIId2 331 
stemloop regions. Mutation of nts 571 and 572 from AC to GG in stem IIId1 (Mut3) had 332 
only a modest effect on IRES activity (Figure 4B), reducing activity to about 80% that of 333 
the wt IRES.  However, mutation of four nucleotides in this region (nts 569-572) from 334 
CUAC to GGGG (Mut4), which would be expected to disrupt the stem, severely inhibited 335 
IRES activity.  Furthermore, introduction of compensatory mutations nts 583-586 that 336 
should restore base-pairing in this stem (GUAG to CCCC; Mut4c) effectively restored 337 
IRES activity to over 80% of wt activity.  The importance of the IIId1 stemloop was also 338 
highlighted by mutational analysis of the loop region.  Modification of the GGG motif (nt 339 
576-578) to CCC as in Mut6 had a severe effect on IRES activity.  These data support the 340 
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predicted structure of the IIId1 loop of the SVV IRES and indicate that this structure is 341 
important for IRES activity as observed for the HCV and CSFV elements previously 342 
(12). 343 
To assess the role of the predicted IIId2 stemloop structure, we changed nts 590 and 591 344 
(GG) to CC (Mut2) and assayed this modified IRES in 293 cells.  This mutant retained 345 
about 70% of wt activity, suggesting that this stem structure is not critical for IRES 346 
activity.  We also deleted nucleotides in the loop region of IIId2 (UAGC) (Mut5) and this 347 
also had little effect on IRES activity (this mutant retained about 80% of wt IRES 348 
activity).  Finally, deletion of the entire IIId2 stemloop (Mut7) had no significant effect on 349 
IRES activity, this mutant retained 90% of wt IRES activity.  These data suggest that this 350 
predicted stemloop structure is not important for IRES function.   351 
These results are intriguing as this additional domain lies between domains IIId1 and IIIe 352 
which are both important for ribosome binding. Therefore, we investigated further 353 
whether the predicted IIId2 stemloop structure was actually formed in solution as 354 
proposed by the secondary structure model we and others have predicted (Figure 3 and 355 
17) and its role in factor recruitment. Thus, we performed enzymatic and chemical 356 
probing of the SVV IRES. Our results showed that domain IIId2 is indeed formed as 357 
predicted (Figure 3b). This is the first time that the structure of this region has been 358 
defined for a CSFV-like IRES element and confirms its existence. Next we investigated 359 
the impact of domain IIId2 in the recruitment of 40S subunits and eIF3 the key factors 360 
mediating initiation of translation on HCV-like IRESes. We performed filter binding 361 
assays of eIF3 and the 40S subunit to the SVV IRES in the presence or absence of 362 
domain IIId2. Both IRES elements were able to bind eIF3 and 40S subunits directly, as 363 
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previously reported for the HCV IRES (25) and no significant differences were seen 364 
between the wt and mutant IRES lacking the domain IIId2 (Figure 5).  This  confirmed 365 
that the IIId2 stemloop has no role in assembly of initiation complexes on the SVV IRES 366 
and may suggest a role at another stage of the SVV replication cycle.  367 
 368 
Discussion 369 
The results presented here show that the 5′ UTR of the SVV genome, together with 370 
3155 nt of viral coding sequence, contains a functional IRES element.  Based on its 371 
predicted structure and functional properties, the SVV IRES should be placed within the 372 
recently described HCV-like class of picornavirus IRES elements (see 3). Optimal IRES 373 
activity from the HCV IRES has been shown to require some ten codons (30 nt) of the 374 
viral coding sequence (41) while the CSFV IRES requires between 12 and 17 codons of 375 
coding sequence (3651 nt) for optimal activity (13). However, it should be noted that 376 
under certain conditions, and with some reporter gene sequences, no absolute requirement 377 
for any coding sequence has been observed for the HCV and CSFV IRES elements (see 378 
43). It therefore seems likely that the accessibility of the initiation codon in the different 379 
RNAs in some way determines this requirement. The picornavirus HCV-like IRES 380 
elements from PTV-1, PEV-8 and AEV do not require any coding sequence (2, 8, 22), 381 
however the SV2 IRES is considerably more active when about 50 nt of coding sequence 382 
is present in the RNA (8). Thus, the SVV IRES is distinct from the other picornavirus 383 
IRES elements in that it showed an absolute requirement for the presence of over 30 nt of 384 
coding sequence and in this respect it is most similar to the CSFV IRES.  Our secondary 385 
structure prediction for the 55 nt downstream of the AUG codon suggests the presence of 386 
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a stemloop structure which is preceded by a pyrimidine-rich sequence.  However, since 387 
the SVV +31 construct lacks the intact stemloop structure and still functioned efficiently, 388 
it is unlikely that this structure is critical to IRES function. It may be that the presence of 389 
the pyrimidine rich sequence is important for maintaining this region as unstructured, as 390 
suggested for this region of the CSFV IRES (12).   391 
The predicted secondary structure of the SVV IRES was also more similar to the CSFV 392 
structure than to the HCV IRES structure (Fig 3B). The key distinguishing features are 393 
the presence of a bipartite stem 1 within the pseudoknot in CSFV and SVV while a single 394 
stem is present in HCV (and PTV-1), and the CSFV and SVV IRES elements are each 395 
predicted to contain a IIId2 stemloop structure (26). We suspected that this additional 396 
domain might have a functional role in translation initation. Indeed, this domain lies 397 
between domains IIId1 and IIIe, both of which make direct contact with the ribosome, as 398 
seen in the structure of binary HCV IRES40S subunit complexes (50), and significantly 399 
contribute to the high affinity of the IRES RNA for the ribosome (25, 31). While we 400 
confirmed that the IIId2 domain folds in solution into the predicted stem-loop structure, 401 
extensive modification of the IIId2 element in SVV did not have any significant effect on 402 
the activity of the IRES (Fig. 4) or on the ability of the IRES to bind eIF3 or 40S subunits 403 
(Fig. 5). These results, and the conservation of this motif in other HCV-like IRES 404 
elements (BDV, CSFV) suggest that this structure may have some other function in 405 
replication other than translation initiation; thus, our current studies are focusing on the 406 
role of this domain in virus replication. 407 
The pseudoknot structure within domain III of the SVV IRES is critical for activity. 408 
Modification of stem 2 greatly reduced IRES activity but restoration of the structure, 409 
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through compensatory mutations, restored activity. These results are analogous to those 410 
obtained with the HCV, CSFV, PTV and AEV IRES elements (2, 8, 51). The GGG motif 411 
in the loop of domain IIId is conserved across all the HCV-like IRES elements (20) and 412 
this sequence in the HCV IRES is protected from chemical modification by interaction 413 
with the 40S ribosomal subunit (25). Thus it was not surprising that modification of this 414 
motif also had a significant effect on the activity of the SVV IRES. The domain IIIe 415 
region is known to interact with 40S ribosomal subunits (25, 30, 31) and this region is 416 
highly conserved between SVV and CSFV, ten of twelve nucleotides are identical, and 417 
the two-nucleotide differences still retain the base-pairing required to maintain the 418 
conserved secondary structure. 419 
The HCV-like IRES elements do not need any of the components of eIF4F for activity, 420 
however there is some evidence that their activity can be enhanced in the presence of the 421 
fully functional factors. For example, the AEV IRES was shown to be inhibited by about 422 
50 % in the presence of cleaved eIF4G (2).  Similarly, initiation complex formation on 423 
the related SPV9 IRES was enhanced by the addition of eIF4F (6).  The results presented 424 
here with the SVV IRES also indicate that the activity is optimal when eIF4G is intact 425 
(Fig. 2A) and when eIF4A activity is not inhibited by hippuristanol (Fig. 2B). This differs 426 
slightly from the HCV IRES itself, which is apparently unaffected by the lack of eIF4G 427 
(34, 35).  It seems therefore that the picornavirus HCV-like IRES elements may be 428 
stimulated in the presence of eIF4F through an unknown mechanism.  As the SVV IRES 429 
functions very efficiently in RRL, it is clear that it does not need additional factors 430 
beyond those already present within the RRL, in contrast to the poliovirus or rhinovirus 431 
IRES elements that require supplementation with cell lysates (10). 432 
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The mechanisms by which SVV selectively infects and replicates in animals and human 433 
tumor cells is currently unknown, although interaction with specific cell membrane 434 
proteins appears to be at least one determinant (39).  The HCV-like IRES elements are 435 
found in diverse picornaviruses from multiple genera with differing species and cellular 436 
tropisms (3, 17).  However, SVV is the first example of a picornavirus having an IRES 437 
which is more closely related, at the level of the secondary structure, to the CSFV IRES 438 
rather than the HCV IRES. The fact that the likely host of SVV is the pig, is consistent 439 
with this possibility since CSFV can establish a relatively long-term persistent infection 440 
in these animals offering ample opportunity for co-infection. It is of interest that another 441 
porcine picornavirus, the porcine kobuvirus (40), has recently been shown to contain a 442 
HCV-like IRES within its 5′ UTR; in this case the IRES is most similar to the duck 443 
hepatitis virus and porcine teschovirus-1 HCV-like IRES elements. This suggests that not 444 
only may there have been multiple occasions when genetic exchange has occurred 445 
between members of the Picornaviridae and the Flaviviridae, but there may also have 446 
been exchange of HCV-like IRES elements within the Picornaviridae family.  447 
Although SVV is not considered an important pathogen of animals, its importance lies in 448 
the fact that it has a unique potential for targeted cancer cell therapy.  The virus exhibits 449 
oncolytic activity in certain tumour cells of neuroendocrine origin and is currently in a 450 
phase I/II clinical trial to test for safety and efficacy against small cell lung carconima, 451 
with a view to developing an alternative treatment for this form of lung cancer.  Cell lines 452 
derived from small-cell lung cancer, neuroblastoma and neuroendocrine pediatric cancer 453 
have all been shown to be sensitive to SVV-001-mediated killing while normal primary 454 
human cells have been shown to be resistant. Wadhwa et al (53) have demonstrated a 455 
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reduction in invasive disease and metastasis with oncolytic SVV-001 in a retinoblastoma 456 
xenograft mouse model. Therefore, a full understanding of what underlies this specific 457 
cell tropism is of medical importance and the IRES could influence the ability of the virus 458 
to replicate in certain cell types.  459 
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Figure legends 
Figure 1. The SVV IRES extends into the viral coding sequence. (A) Structures of the 
dicistronic plasmids used in this study.  The SVV 5′UTR plus either 31, 55 or 79 nt of 
coding sequence were amplified by PCR, including added BamHI sites. These products 
were digested and inserted into a similarly digested plasmid containing the CAT and 
LUC ORFs, between the two ORFs at a unique BamHI site.  (B) In vitro coupled 
transcription and translation reactions (RRL) containing [
35
S]-methionine were 
programmed with the dicistronic plasmids.  Reactions were analyzed by SDS-PAGE and 
autoradiography.  The CAT and LUC protein products are indicated.  (C) Transient 
expression assay in 293 cells.  The dicistronic plamids were transfected into 293 cells that 
had been previously infected with vTF7-3.  After 20 h, cell lysates were prepared and 
analyzed for CAT and LUC expression as outlined in Materials and Methods.  Extracts 
were also subjected to SDS-PAGE and immunoblotting.  The LUC expression data were 
obtained from three separate transfections and the results standardized to the LUC 
expression value from the EMCV IRES, which was set at 100%.  LUC activities were 
normalized against CAT expression values.  Mean LUC values (plus standard errors of 
the means) are shown.   
 
Figure 2. The SVV IRES functions in the presence of cleaved eIF4G and an eIF4A 
inhibitor. (A) Dicistronic plasmids (2 μg) of the form CAT/IRES/LUC were transfected 
into 293 cells in the absence () or presence (+) of the plasmid pAΔ802 (0.5 μg) which 
expresses the PV 2A protease.  After 20 h, cell extracts were prepared and analyzed for 
CAT and LUC expression as described in Figure 1.  LUC and CAT assays were also 
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performed on extracts from three separate experiments and the mean LUC values are 
shown, standardized to the LUC expression values from the EMCV IRES-containing 
construct, which was set at 100%.  LUC activities were normalized to CAT expression as 
in Figure 1.  (B) The same dicistronic plasmids were transfected into 293 cells in the 
absence (-) or presence (+) of the eIF4A inhibitor, hippuristanol (Hipp.).  Cells were 
harvested 20 h after transfection, the hippuristanol (0.5 μM) was added for the last 10 h 
of the incubation. Cell extracts were analyzed for CAT and LUC expression as described 
in Figure 1. The data shown are representative of two independent experiments.   
 
Figure 3. The SVV IRES is an HCV-like picornavirus IRES. (A) Alignment of the SVV, 
CSFV and HCV 5′ UTR sequences that comprise domain II and domain III.  Sequences 
were aligned with ClustalW and edited manually; the nucleotides which are shared by all 
three IRES elements are marked with an asterisk. Gaps introduced to maximize 
alignment are indicated by dashes. The individual SVV IRES domains are indicated 
above the sequence.  The overall sequence identity between SVV and HCV IRES 
sequences is 52.4%, but some regions, e.g. domains IIIa and IIIe are highly conserved 
among all three viruses.  (B) Proposed secondary structure of the SVV 5′ UTR.  Domains 
are labelled by analogy to the domains in the HCV IRES.  The structure was derived 
from comparative sequence analyses and using Mfold (50) to predict the most 
thermodynamically favourable structures. Outlines of the HCV and CSFV IRES element 
structures are also shown for comparison.  Note that in the SVV IRES (as in the CSFV 
IRES), there is an additional IIId2 stemloop structure. In addition, a model of the 55 nt 
sequence from the coding sequence is included. Secondary structure probing of the IIId2 
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domain is also indicated. Nucleotides affected by RNAse V1, CMCT or DMS are noted 
by arrows, circles and squares respectively.  
 
Figure 4. Mutational analysis of the domain III region of the SVV IRES. (A) Predicted 
secondary structure of the domain IIId, IIIe and IIIf regions of the SVV IRES.  The stems 
that form the pseudoknot (Stem 1 and Stem 2) and the IIId1 and IIId2 stemloops are 
shown.  The nucleotides that were modified in the mutational analysis experiments are 
shown in bold type.  Suffix ‘c’ indicates compensatory mutations.  Areas indicated with 
dashed lines (as in Mut7) indicate that the whole IIId2 region was deleted.  (B) 
Dicistronic plasmids of the form CAT/IRES/LUC, containing the indicated mutations 
within the domain III region of the SVV+55 construct, were transfected into 293 cells as 
described in Figure 1.  Cell extracts were analyzed for CAT and LUC expression as 
described in legend to Figure 1.  The results are derived from three independent 
experiments and the mean values plus standard errors are shown. LUC activities from the 
mutant IRES elements are expressed relative to the activity from the wt SVV+55 IRES, 
which was set at 100%.  LUC activities were normalized against CAT expression as in 
Figure 1.    
 
Figure 5. The SVV IRES directly binds to 40S subunits and eIF3. (A) Binding curves of 
32
P-labeled wild-type and IIId2 deletion mutant RNAs to purified 40S subunits. Labeled 
RNAs were incubated with 40S subunits and binding assessed by filter binding assay. (B) 
Binding curves of 
32
P-labeled wild-type and IIId2 deletion mutant RNAs to purified eIF3. 
Labeled RNAs were incubated with eIF3 and binding assessed by filter binding assay. 
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Reported values are the average of three repetitions with standard errors. All calculations 
were performed with GraphPad Prism 5. 
 
 










